Purpose: Blood flow is an important factor in bone production and repair, but its role in osteogenesis induced by mechanical loading is unknown. Here, we present techniques for evaluating blood flow and fluoride metabolism in a pre-clinical stress fracture model of osteogenesis in rats. Procedures: Bone formation was induced by forelimb compression in adult rats.
Introduction
A dequate vascular perfusion is critical for the viability of any biological system. Bone is typically highly vascularized; when blood flow is disrupted, necrosis and hypoxia may occur [1] . As a result, the integrity of the skeletal vasculature system is an important clinical consideration in scenarios such as severe trauma and non-union fractures. Maintaining adequate perfusion is essential for the successful repair of large bony defects using bone grafts [2, 3] .
In addition, bone blood flow has been implicated as a crucial factor during both skeletal development [4] and repair [1] .
Fatigue loading of bone can produce a stress fracture and stimulate new bone formation. Skeletal blood flow is likely crucial for this process because bone formed after this type of mechanical loading is produced by mechanisms similar to fracture repair [5] . While different bone formation responses have been generated through a variety of mechanical loading configurations [6, 7] , the resulting perturbation in blood flow rate as a result of any type of osteogenic mechanical loading has not been reported. Although angiographic imaging techniques have historically been used to measure blood flow, quantifying blood flow in and around bone with X-raybased techniques can be difficult due to the high density of bone [8] . The heterogeneity of the vascular network in bone compounds this issue [9] . Thus, other in vivo methods for measuring skeletal blood flow are needed to examine the response to osteogenic mechanical loading.
Positron emission tomography (PET) is an established in vivo, dynamic imaging technique suitable for evaluating rates of flow and metabolism. Commonly used for both clinical and research applications, its specificity is determined by the radiopharmaceutical used for the scan. 15 O water PET has been used previously to evaluate blood flow in many tissues, including pancreas [10] , lung [11] , heart [12] , and brain [13] , since it freely diffuses throughout the body. In addition, 18 F fluoride PET has been used to evaluate skeletal kinetics and diagnose skeletal diseases [14, 15] . 18 F fluoride is preferentially incorporated into bone by replacing a hydroxyl group in bone hydroxyapatite to form fluoroapatite [16] . Although not suitable for directly measuring blood flow rates, 18 F fluoride has been used to find the overall bone metabolic activity [17] . In previous studies, we have used 18 F fluoride PET to analyze the skeletal response after damaging fatigue loading [18] . In the tradition of standard bone scintigraphy, only standard uptake values from 2D regions of interest were considered, and the study did not attempt to quantify blood flow rates. Importantly, uptake of 18 F fluoride in loaded bones was significantly different from control 7 days after loading. Here, we extend the PET analysis of the skeletal response using the same loading model at the 7 day time point.
The objective of this work is to develop a dynamic in vivo technique suitable for analyzing vascular and bony outcomes following osteogenic mechanical loading. This technique will facilitate studies examining the connection between bone formation and vascularity. By performing serial imaging with 15 O water and 18 F fluoride PET, both blood flow rate and skeletal kinetics can be determined simultaneously [19] . In this paper, we evaluate blood flow and skeletal kinetics in a pre-clinical stress fracture model of osteogenesis in rats using PET.
Materials and Methods

Experimental Design
Eight male Fischer F344 rats (Harlan, Indianapolis IN) were obtained at 13-14 weeks of age and housed under standard conditions until age 20 weeks (±2 weeks). The right forelimb of each animal was mechanically loaded using established methods [20] . Briefly, rats were anesthetized using isoflurane gas (1-3%) and weighed (359± 40 g). The forelimb was axially compressed by placing the olecranon process and the flexed carpus into specially designed fixtures. A material testing system (Instron Electropuls 1000) was used to apply force and monitor displacement. First, a 0.3 N compressive pre-load was applied. Next, a cyclic haversine waveform of 18 N at 2 Hz was applied to the forelimb until 65% of the displacement to fracture was achieved (1.3 mm, relative to the tenth cycle). The left forelimb did not receive any mechanical loading, and was used as an internal control. Following the procedure, rats were given an intramuscular injection of analgesic (0.05 mg/kg Buprenex) and allowed unrestricted cage activity with ad libitum access to water and food.
Seven days after loading, whole-body PET scans were completed using a combined PET/CT microPET®-Inveon™ system (Concorde Microsystems Inc., Knoxville TN). 15 O water (30-55 MBq) was administered by tail vein injection in a short bolus, immediately followed by a 10 min scan (1×3 s, 6×2 s, 5×5 s, 11× 10 s, 5×30 s, 5×60 s). Next, 18 F fluoride (9-15 MBq) was administered in the same manner, followed by a 60 min scan (1× 3 s, 6×2 s, 9×5 s, 6×10 s, 4×30 s, 2×60 s, 2×120 s, 10×300 s). Images were reconstructed using filtered back projection with CTbased attenuation correction. All protocols were approved by our institution's Animal Studies Committee. Statistical significance was considered using two-tailed Student's t test of unequal variance, where pG0.05 was considered to be significant.
Regions of Interest
Since 15 O water PET images have no significant anatomical landmarks, the 18 F fluoride scan was used to draw regions of interest (ROI) for each scan (Fig. 1a) . All frames of the 18 F fluoride scan were summed to form a single image. Using the summed image, cylindrical 3D ROI were created with 1.5 times the diameter of the bone and 1/3 the length of the bone. These ROI are intentionally larger than the visible bone, because vessels may be found in the periosteal region that is dramatically expanded after mechanical loading [21] , as illustrated in Fig. 1b . ROI were overlaid onto 18 F fluoride and 15 O water dynamic sequences to create time-activity curves for each forelimb.
Input Function Generation
To visualize the heart clearly, the first 30 s of the 18 F fluoride scan was summed into a single image. Using this image, a small cylindrical ROI (r=0.5 mm, l=1 mm) was drawn on the left ventricle. This ROI was transferred onto the 15 O water and 18 F fluoride scans, and input functions were obtained from the timeactivity curve of the heart. To account for dispersion of the injected bolus that occurs between the heart and arrival at the forelimb, the time-activity curve was convolved with a Gaussian function as:
where done C 0 (t) is the time activity curve measured at the heart. In preliminary analysis, σ was treated as a fit parameter, and a value of approximately 0.5 s minimized the residual for all samples. As a result, σ was set to be 0.5 s in all subsequent kinetic analyses.
O Water Kinetics
After injection into the tail vein, 15 O water travels freely throughout the vasculature, so its kinetics provides an in vivo estimate of blood flow. The kinetics of 15 O water was modeled with a one-compartment (bone), two-parameter (uptake and clearance) model, similar to Kety [22] and others [10] [11] [12] [13] (Fig. 2a ). An additional parameter was included to account for fractional blood volume (V). The rate of change of concentration in the compartment is:
The solution can be found by Laplace transform as:
where C(t) denotes the concentration of 15 O water in the ROI. Note that the measured input function at the limb C Ã 0 t ð Þis the convolution of C 0 (t) with a Gaussian kernel as described in Input Function Generation (Eq. 1). The solution for the entire region of interest is therefore:
18 F Fluoride Kinetics 18 F fluoride is preferentially incorporated into the hydroxyapatite-like mineral of bone. After escaping the vasculature, fluoride binds to bone mineral in a concentration dependent fashion. Multiple model configurations were considered to characterize the kinetics of 18 F fluoride. First, a two-compartment, four-parameter model was constructed. In preliminary testing, the flow rate of fluoride from the bound compartment to the extravascular compartment was near zero. Subsequently, similar to Hawkins et al. [23] , the fourth parameter was eliminated, and a two-compartment (extravascular and bound), three-parameter model (Fig. 2b ) was used to model the kinetics of 18 F fluoride near the site of bone formation. An additional parameter was included to account for fractional blood volume (V). The rate of change of concentration in the two compartments is:
where C Ã 0 t ð Þdenotes the input function at the limb per Eq. 1, E(t) denotes the concentration in the extravascular compartment, and B(t) denotes the concentration in the bound compartment. The solution to this system of equations can be found by Laplace transform as:
The solution for the entire region of interest is therefore: K 1 is the uptake into the extravascular space, k 2 is the clearance from the extravascular space, k 3 is the uptake into the bound compartment, and E(t) and E(t) are the concentration of 18 F fluoride in the extravascular and bound compartments, respectively. In both figures, the shaded compartment (ROI) represents the scope of the measured region of interest.
The total flux of fluoride into the bone, K i , is given directly from the model as:
Data Optimization
Equations 4 and 9 were fit to the experimental data, denoted as ROI(t), using a non-linear least squares method utilizing the LevenbergMarquardt algorithm (MATLAB, Natick MA)
To obtain the best fit to the data, initial conditions for the fitted parameters were randomly generated between the minimum and maximum limit for that parameter. After optimizing 100 fits from random initial conditions, the five fits with the lowest residuals were averaged to obtain the final parameters. These five fits were generally within 1% of each other, and often identical. 
Static Analysis
A static analysis approach was also investigated. Although dynamic analysis is appropriate for determining blood flow rate and skeletal kinetics, static analysis may provide a simplified means to assess changes in uptake. Additionally, the analysis is less computationally and labor intensive. To form a static image, 3D ROI were drawn centered on the ulna with 1.5 times the diameter of the bone and onethird the length of the bone. The first 60 min of mean activity within the ROI was summed for 18 F fluoride, while the first 2 min of mean activity within the ROI was summed for 15 O water. The resulting values were corrected for the injected activity and the animal weight.
CT Imaging
CT imaging was performed concurrently with PET imaging. The thickness of the ulna was determined at the top, bottom, and middle of the ROI using commercial software (Inveon Research Workplace 3.0, Siemens Medical Solutions, USA). These measurements were used to assess the need for partial volume correction, as well as any differences between loaded and non-loaded limbs.
Results
O Water Kinetics
The results from the fit to the 15 O water compartment model are given in Table 1 . Of the three fit parameters (k 1 , k 2 , and V), only the blood flow rate (k 1 ) was significantly different between the loaded and non-loaded limbs (p=0.02). On average, the loaded limbs exhibited a 26% increase in blood flow rate versus the non-loaded limbs.
F Fluoride Kinetics
The results from the fit to the 18 F fluoride compartment model are given in Table 2 . Of the five parameters fit or computed (K 1 , k 2 , k 3 , V, K i ), the loaded limbs were significantly different in K 1 , k 3 , and K i from the non-loaded limbs (pG0.05). On average, loaded limbs exhibited a 113% increase in fluoride flow rate, a 13% increase in fluoride incorporation, and 133% increase in total fluoride flux versus non-loaded limbs.
Static Analysis
The static analysis is an overall analysis of uptake in the region of interest. As such, similar trends were observedloaded limbs had a 47% increase over non-loaded limbs in 15 O water, while loaded limbs experienced a 63% increase over non-loaded limbs in 18 F fluoride (Table 3 ). The comparisons between loaded and non-loaded limbs were significant (pG0.05) for both radioisotopes. Figure 4 shows the results from the CT imaging. Although the thickness of the ulna changes throughout the length of the limb, there were no significant differences between loaded and non-loaded limbs at each site. As a result, we concluded that any partial volume effects were comparable between loaded and non-loaded limbs; therefore, no correction was necessary.
CT Imaging
Discussion
Here, we developed PET imaging techniques for evaluating blood flow and skeletal kinetics after osteogenic mechanical loading. Using a cohort of eight rats, we have implemented compartment models and demonstrated the ability to detect increases in blood flow rate (k 1 ), fluoride flow rate (K 1 ), fluoride flux (K i ), and fluoride incorporation into the bone (k 3 ). A static analysis approach was also investigated, and significant differences between loaded and non-loaded limbs were demonstrated for both 18 F fluoride and 15 O water. We did not observe significant differences in bone dimensions between the loaded and non-loaded limbs suggesting that, while partial volume effects may affect quantitative measures, these effects are similarly applied to both the loaded and non-loaded limbs.
Comparisons to Previous Studies
Because blood flow rate is widely disparate in and around the bone, it is difficult to directly compare our study to other studies with similar scope. However, the blood flow rates reported here from 15 O water PET for non-loaded limbs (0.0031 mL g −1 s −1 ) are in the normal range for bone blood flow [9, 24] , while the loaded limbs (0.0038 mL g −1 s −1 ) are above this range, as expected.
In 2004, Brenner et al. evaluated the relationship between 18 F fluoride compartment model analysis, Patlak graphical analysis, and SUV (static) analysis [25] . Their results indicate that outcomes from Patlak analysis and SUV were highly correlated with measures derived through compartment modeling. Here, we report similar findings-the results from our compartment model analysis display similar trends as our static analysis for both 15 O water and 18 F fluoride. Our results also compare favorably with previously published standard uptake values of 18 F fluoride PET scans after fatigue loading, as we noted substantial (960%) and significant (pG0.05) increases in loaded limbs versus nonloaded limbs [18] .
In the present study, the fluoride uptake parameter (K 1 ) was well correlated with the overall flux of fluoride into the bone (K i ) but not the blood flow rate (k 1 ). Since fluoride uptake is influenced by both blood flow and available bone surface [26, 27] , this result suggests that K 1 was dominated by the surface area of bone rather than blood flow. This correlation may be expected, as the bone surface was greatly increased within the region of interest due to the initiation and propagation of a stress fracture in the bone during mechanical loading [27] .
Although some groups have shown linear correlations (r 2 ranging from 0.52 to 0.93) between K i and the blood flow rate in humans and pigs [15, 19] , this trend was not evidenced in this experiment. This discrepancy may be due to differences in tissue kinetics-the cited experiments were carried out in high-uptake areas (spine, hip) while a relatively low-uptake area was considered here (distal forelimb). Interestingly, our modeling results did We reported a fractional blood volume (V) for both 15 O water and 18 F fluoride, although the values were relatively dissimilar. In practice, the fractional blood volume parameter accounts for discrepancies between tissue and blood kinetics; the absolute value depends on the kinetic model as well as the magnitude of the input function. It is not a physical parameter, as other factors may be inadvertently included. For 15 O water, the kinetic model fit closely matched the observed data, so V was negligible. This parameter could be effectively eliminated from the model, as has been published in the past [11] , but was included to reduce fit residuals.
Confirmation from Other in vivo Measurements
The results from this study correlate well with previous findings considering angiogenic outcomes after osteogenic mechanical loading. Matsuzaki et al. [21] examined periosteal vascularity on histological sections after osteogenic mechanical loading at four different fatigue displacement levels. The results from the same displacement level used in our study (65% fatigue displacement) indicated a 275% increase in vessel number, a 72% increase in average vessel area, and a 510% increase in total vessel area when comparing loaded limbs to non-loaded limbs 7 days after mechanical loading. Similarly, Wohl et al. [5] examined osteogenic and angiogenic gene regulation after osteogenic mechanical loading. Considering the 65% fatigue displacement group, angiogenic markers (VEGF, PECAM-1) were upregulated (2.7-and 3.5-fold). Additionally, osteoblast transcriptional regulators (Msx2, Runx2, and Osx) were increased (2.5-, 5.9-, and 11.4-fold). Finally, they noted that bone markers (BMP2 and BSP) were also increased (4.8-and 23.2-fold). All of these results were significant (pG0.05) when comparing loaded limbs to nonloaded limbs. Therefore, although these measurements cannot be directly compared to our study, the increased periosteal vascularity and increased gene expression profiles noted after osteogenic mechanical loading are consistent with results presented here.
Future Applications
Our results both reinforce and clarify the relationship between bone formation and vascularity after mechanical osteogenic loading. In previous studies, we have shown that osteogenic mechanical loading produces robust woven bone [28] and increased fluoride uptake [18] . Here, we have demonstrated increases in skeletal blood flow accompany increases in fluoride metabolism, indicating that angiogenesis is concurrent with osteogenesis after mechanical loading. We plan to use this method to determine the time course of angiogenesis after mechanical loading.
Since our method provides data on skeletal blood flow as well as the kinetics of mineral metabolism, it may prove useful for exploring the nuances between other osteogenic stimuli. Although we used rats for this study, these techniques will scale for both larger and smaller animal models, as the specificity of 15 O water and 18 F fluoride is not species dependent. Since the current generation of PET imaging scanners has spatial resolutions on the order of 2 mm, depending on the radioisotope and in-plane placement of animals, resolution may be a concern for smaller animals. Notwith- [17] and bone metastasis [29] , suggesting that the scaling of this technique to mice is feasible, but may require correction for partial volume effects.
Conclusion
We have evaluated blood flow and skeletal kinetics in the rat forelimb after osteogenic mechanical loading using PET imaging. Our results indicated significant increases in blood flow and fluoride flow rates, in addition to increased fluoride incorporation into the bone, following mechanical loading. This work is validated by previous studies considering quantification of periosteal vascularity, gene expression, and PET standard uptake. In the future, we plan to use the techniques presented here to explore differences in blood flow and fluoride kinetics using a variety of osteogenic mechanical loading methods.
